A soluble extract of the mitochondrial compartment composed of the inner membrane and matrix catalyzes the enzymatic synthesis and hydrolysis of the 1:1 adduct of citric acid and glutathione. (9) was also explained by the stringent requirement of preincubation of mitochondria with fluorocitrate in the absence of millimolar concentrations of citrate (cf. 7, 8), allowing for the formation of two protein-fluorocitrate thioesters (8).
the free radical trapping agent, phenazine methosulfate. The citrate-glutathione thioester formation is irreversibly and specifically inhibited by (-)erythrofluorocitrate (50% inhibition at 25 pmol of added fluorocitrate per mg of protein), which forms a trichloroacetic acid-stable adduct with the enzyme protein (at 50% inhibition, 0.8 pmol is bound to 1 mg of protein). Synthesis of malyl-glutathione thioester by inner membrane vesicles is selectively inhibited by (-)erythrofluoromalate. We have previously identified the biologically active species of the four possible isomers of monofluorocitric acid as (-)erythrofluorocitrate (1, 2); its structure subsequently was confirmed by x-ray crystallography (3, 4) . Kinetic evidence indicated that (-)erythrofluorocitrate, when preincubated with isolated mitochondria at concentrations of pmol of fluorocitrate per mg of mitochondrial protein, irreversibly inhibited bidirectional citrate transport (5) (6) (7) (8) . Whereas the high sensitivity of citrate influx to low concentrations of fluorocitrate in intact mitochondria has been confirmed (9) , an unusually low competitive ki value for fluorocitrate was also reported for the aconitase activity of disrupted mitochondria that had been preincubated with 1 mM Mg2+ (9) . However, we have shown subsequently that mitochondrial aconitase is inactivated by Mg2+ in the presence of low concentrations of fluorocitrate (10) and apparent ki values calculated under these conditions have no bearing on the linearly competitive and reversible inhibition of purified aconitase by (-)erythrofluorocitrate (ki = 290,M,
The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S. C. §1734 solely to indicate this fact. see ref . 11) . The inability to demonstrate an inhibition of citrate efflux by fluorocitrate in mitochondria that had been loaded with citrate (9) was also explained by the stringent requirement of preincubation of mitochondria with fluorocitrate in the absence of millimolar concentrations of citrate (cf. 7, 8) , allowing for the formation of two protein-fluorocitrate thioesters (8) .
The present report is concerned with the identification of a mitochondrial enzyme system that catalyzes the formation of the 1:1 adduct of glutathione and citric acid. The adduct was identified as the thioester of glutathione, and kinetic evidence was also obtained that the mitochondrial extract contained, in addition to the thioester-forming enzyme system, a hydrolase capable of degrading the thioester. The citryl-glutathioneforming enzyme system proved to be the most sensitive catalytic component of mitochondria towards the irreversible inhibitory action of (-)erythrofluorocitrate, suggesting that the molecular site of action of this highly toxic agent has been identified.
METHODS
Lysosome-free mitochondria and mitoplasts (defined as the matrix surrounded by the inner membrane) were isolated from rat livers as described (12) . An extract of mitoplasts was prepared by stirring (at 00) of a suspension of mitoplasts (30 mg of protein per ml) in 0.25 M sucrose/mannitol medium (12) containing 1 mg of Brij 56 (Sigma Chemicals) per 10 mg of mitoplast protein for 15 min. The resulting lysate was diluted 1:3 with the medium; after removal of large granules (unbroken mitoplasts) by centrifugation at 10,000 X g (10 min at 40), the supernatant (containing soluble extract of the inner membrane and soluble proteins of the matrix and inner membrane vesicles) was subjected to ultracentrifugation (145,000 X g for 1 hr at 20). The clear supernatant was concentrated by centrifugation (at 20) in Amicon CF-25 membrane cones at 100 X g to one-fourth of the original volume. Approximately 250 mg of protein extract was obtained by this technique from 500 mg (protein) of mitoplast starting material. The concentrated extract was used directly in most experiments, unless specified, whereas the sediment containing the inner membrane vesicles was rehomogenized in the suspending medium. Both fractions were stored at -15°until used. The enzymatic activity of the soluble extract decayed slowly at -150 (about half of the activity was lost in 2 weeks) but much more rapidly after repeated thawing and refreezing. The activity was completely recovered when the stored extract was preincubated for 5-10 min with 5 mM reduced glutathione (GSH), demonstrating the essential role 12 ml of formate (1 M, pH 2.0), as monitored by radiochemical analysis. After the residual formate was eluted from the column with 3 ml of H20, the adduct was quantitatively eluted with 6 ml of 1 M NaOH and an aliquot (1.5 ml), after neutralization with 1 M HCI, was analyzed by scintillation spectrometry with toluene/Triton X-100/Omnifluor (1 liter:1 liter:18 g) scintillator. Labeled GSH (15S, 19 mCi/mmol, obtained from Schwartz/Mann) was used as the second label for the product. Hydroxamate derivatives were prepared from synthetic monomethyl ester of citric acid (prepared by the diazomethane procedure, with 0.9 mol of diazomethane per mol of citrate in methanol) and from the enzymatically synthesized product by reacting it directly (after freeze-drying) with a methanolic solution of NH2OH (13) for 1 hr at 400 after 16 hr at room temperature. Hydroxylaminolysis was 60% under these conditions. The excess reagent was removed by freeze-drying. Thin layer chromatography was carried out on silica gel sheets (Eastman) with butanol/acetic acid/H20 (4:1:1) as developing solvent. The technique of high voltage electrophoresis on Whatman no. 3 paper and analytical methods have been described (14) . (-)Erythrofluoro- [3- 614C]citric acid was synthesized by enzymatic condensation of [1-414C] oxalacetic acid with synthetic fluoroacetyl-coenzyme A (1, 2). The products was purified by high voltage electrophoresis at pH 1.85, resulting in homogeneous fluorocitrate (50 mCi/mmol). Unlabeled (-)erythrofluoromalate was synthesized as described (15) .
RESULTS
The electrophoretic isolation of the enzymatically formed citrate-glutathione adduct is shown in Fig. 1 (14) . In the experiment shown in Fig. 1 (Fig. 3) . These results illustrate that molecular filtration rendered the citryl-glutathione-synthesizing enzyme system dependent on Mn2+. Separation of the thioester synthetase system from the hydrolase was also accomplished by fractionation with (NH4)2SO4. The tion of citryl glutathione by 96%. Phenazine methosulfate, a free radical trapping agent, inhibited thioester formation. Preincubation of the extract with the organomercurial reagent mersalyl inhibited citryl glutathione synthesis, in agreement with previous results (see Methods) , which point to the essential role of protein-bound thiol groups in catalysis. These results are shown in Table 1 .
The enzymatic synthesis of citryl-glutathione thioester would be expected to be an energy-requiring process; therefore a simultaneous oxidation of S in glutathione to a higher oxidation state was anticipated. Sulfinic acid of cysteine is not adsorbed on Dowex 50 H+ under our conditions (20, 21) ; therefore this technique provided a quantitative assessment of the formation of glutathione sulfunic acid during the synthesis of citryl-glutathione thioester. Within an experimental error of ±12%, 1 mol of sulfinic acid was generated for each mole of thioester formed, indicating the simultaneous contribution of an oxygenase type of reaction (21) coincidental with the formation of the citrylglutathione thioester. During all enzymatic reactions reagent blanks showed the formation of a small but measurable quantity of thioester (0.5-1% of the enzymatic rate) and significant quantities of sulfinic acid. Sulfinic acid was detectable in an aqueous solution of GSSG (about 8%). The rates in the reagent blanks exhibited no temperature dependence between 00 and 400, while the enzymatic rates were more than doubled for each 10°within this temperature range. The pH optimum of the synthetase reaction was 7.39 at 300.
Typical Michaelis-Menten kinetics was obtained with citrate ( Fig. 4) and GSSG (Fig. 5) . The concentration of GSSG was maintained at 10 mM for the determination of the apparent Km of citrate because this concentration of glutathione corresponded to known intracellular concentrations of total glutathione (22) . Since the apparent Km for GSSG was 9 mM (at a fixed concentration of citrate of 220 ,M), it is evident that the rate of reaction is very sensitive to fluctuations in GSSG concentrations, suggesting that the intracellular GSSG/GSH ratio and the absolute concentration of glutathione are powerful cellular regulators of this enzyme system.
When the extract of mitoplasts was preincubated with increasing concentrations of '4C-labeled (-)erythrofluorocitrate for 5 min at 300, the rates of formation of the GS-citrate thioester were progressively inhibited (Fig. 6) . The protein-500 r- bound fluorocitrate was simultaneously determined by precipitation of the protein with 10% trichloroacetic acid and radiochemical assay for bound fluorocitric acid by the glass fiber filtration technique (14) . A correlation was found between the degree of inactivation of the GS-citryl thioester synthetase system and the quantity of acid-stable protein-fluorocitrate product. About 50% inactivation occurred when 0.8 pmol of fluorocitrate were bound to 1 mg of protein, corresponding to 25 pmol of added fluorocitrate per mg of protein. The formation of the trichloroacetic acid-stable protein adduct of fluorocitrate continued at a linear rate even after almost complete inhibition of the synthetase. This phenomenon is readily explained by the fact that fluorocitrate was bound not only to the synthetase, but also to the hydrolase, the latter being present in 3fold excess over the synthetase in the extract. The maximal capacity of the extract to bind fluorocitrate in a trichloroacetic acid-stable form was 80 pmol/mg of protein, corresponding to the total amount of reactive sites in both enzymes. Synthetic (-)erythrofluoromalate (15) , even at millimolar concentrations, had no effect on the citryl-SG thioester-synthesizing system. On the other hand, the formation of malyl-glutathione thioester, 0). Conditions were the same as described in the legend of Fig. 2 Table 2 ), whereas the citryl-SG synthetase system was extracted by the technique used (see Methods; compare Table 2 with Fig. 2) . Experiments completed at the present time show that specific enzyme systems exist in mitochondria that catalyze the GS-thioester formation of succinic, malic, a-ketoglutaric, glutamic, pyruvic, and isocitric acids and of glutamine; thus, the reaction described for citrate may have general metabolic significance.
DISCUSSION
The two mitochondrial proteins that form thioesters with (-)erythrofluorocitrate (8) were identified as citryl-S-gluta- Conditions for the assay for GS-citrate thioester formation were the same as described in the legend of Fig. 2 20 -to 60-sec rates at 90 to be 120 AM (18) , whereas the apparent Km of the soluble enzyme determined at 10 mM GSSG from 5-min rates at 300 was 36MAM (Fig. 4) . Differences in these values are probably due to different experimental conditions.
A secQnd possible mitochondrial role of the glutathione carboxylic acid thioester enzyme system can be predicted from present results and may explain a special function of the unusually high cellular concentration of glutathione (22) . The .concentration of all free carboxylic acid substrates of the Krebs cycle can be directly regulated by the thioester synthetasehydrolase system, an effect that may profoundly influence cellular metabolism. The existence of glutathione S-formyl and succinyl thioesters in human liver has been demonstrated, but * Without mersalyl. no biochemical role for these substances has been proposed (27, 28) . The enzymatic formation of thioesters involves GS' formed by the homolytic cleavage of GSSG. The existence of GS' is well documented (29 
